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Abstrat
One of the most intriguing spetral features of WR binary stars is the
presene of time-dependent line proles. Long term observations of several
systems revealed the periodiity of this variability, synhronized with the or-
bital movement. Several partially suessful models have been proposed to
reprodue the observed data. The most promising assume that the origin of
the emission is the wind-wind interation zone. In this senario, two high
veloity and dense winds produe a strong shok layer, responsible for most
of the X-rays observed from these systems. As the gas ools down, ow-
ing along the interation surfae, it reahes reombination temperatures and
generates the emission lines. Luhrs (1997) notied that, as the seondary
star moves along its orbital path, the shok region, of onial shape, hanges
its position with relation to the line of sight. As a onsequene, the stream
measured Doppler shift presents time variations resulting in position hanges
of the spetral line. However, his model requires a very thik ontat layer
and also fails to reprodue reently observed line proles of several other
WR binary systems. In our work, we present an alternative model, intro-
duing turbulene in the shok layer to aount for the line broadening and
opaity eets for the asymetry in the line proles. We showed that the gas
turbulene avoids the need of an unnaturally large ontat layer thikness
to reprodue line broadening. Also, we demonstrated that if the post-shok
gas is optially thik at the observed line frequeny, the emission from the
opposing one surfae is absorbed, resulting in a single peaked prole. This
result fully satisfy the reent data obtained from massive binary systems,
and an help on the determination of both winds and orbital parameters.
We suesfuly applied this model to the Br22 system and determined its
orbital parameters.
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0.1 Introdution
WR and O stars present mass-loss rates of M˙ ≃ 5 × 10−5 − 10−7 M⊙ yr
−1
and wind veloities of v ≃ 2000 − 3000 km s−1 (Abbott et al. 1986, Willis
1991, Lamers & Leitherer 1993, Lamers 2001). In massive binary systems,
the dense and supersoni winds produe a ontat surfae between two shok
fronts along whih the ontinuously inoming material ows. The shoked
gas is haraterized by high densities and temperatures, the latter reahing
up to T = 106 − 108 K.
The shok region is detetable diretly, by free-free ontinuum and line
emission from radio wavelengths to X-rays (Williams et al. 1990, Pittard
et al. 1998, Bartzakos, Moat & Niemela 2001, Abraham et al. 2005), and
indiretly by IR emission from dust formed at the ontat surfae (Mon-
nier, Tuthill & Danhi 2001, Faleta-Gonçalves, Jateno-Pereira & Abraham
2005).
Isolated hot stars present broadened emission lines with variability in
both amplitude and prole, whih are usually attributed to the lumpiness
of the stellar winds (Lèpine & Moat 1999, Lèpine et al. 2000). However,
in binary systems, the origin of the variability must be related to the binary
system properties, sine the observed line proles repeat eah orbital yle
(Seggewiss 1974). Luhrs (1997) proposed a purely geometrial model in whih
the observed spetrum was a omposition of the stellar and the shoked gas
emissions. This model was quite suessfully applied to WR 79, showing itself
very useful for the determination of the orbital parameters, as period and
eentriity, as well as stellar wind veloities and mass loss rates. However,
Hill et al. (2000) and Bartzakos, Moat & Niemela (2001) showed that the
model was not able to fully reprodue the line proles of several other WR
binary systems.
In this work, we present a similar but improved model, in whih we also
assume that the lines are produed in the post-shok gas, but their proles
are aeted by turbulene and opaity in the ontat surfae, whih hange at
eah point of the binary orbit. In setion 2 we desribe the model geometry
and ux alulation, in setion 3 we present the results obtained for dierent
stellar and orbital parameters, followed by the onlusions in setion 4.
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0.2 The Line Prole Model
To model the line prole it is neessary to determine the relationship between
the line intensity and the observed veloity. Sine we assume that the line
is produed in the shoked region, it is neessary to know the temperature
struture and gas ow veloity along the ontat surfae projeted into the
line of sight for eah orbital phase. We will present next a simplied model
for the shok geometry and disuss latter the alulation method for the line
prole inluding turbulene and opaity.
0.2.1 The geometry
When the two winds ollide, an interation zone is reated that onsists of
two shok fronts at both sides of a ontat surfae. At the shok fronts,
the temperature of the gas is highly inreased, reahing up to 105 − 108
K, depending on the wind veloities. The densities are also higher in the
interation zone. For adiabati supersoni shoks, the density inreases by
a fator ∼ 4, but if radiative ooling is eient, this fator may be muh
larger.
The ontat surfae is dened as the region where the momentum balane
between the two winds ours. Luo, MCray & Ma-Low (1990) and Stevens,
Blondin & Pollok (1992) presented an analytial equation for its geometry,
given by:
dy
dz
=
(η−1/2d2
2 + d1
2)y
η−1/2d2
2z + d1
2(z −D)
, (1)
where D is the distane between the stars; d1 and d2 are the distanes of
the primary and seondary stars to the ontat surfae, respetively, and
η = M˙svs/M˙pvp, where M˙p and M˙s are the mass loss rates of primary and
the seondary stars, and vp and vs their respetive wind veloities.
Asymptotially, this surfae beomes onial, with an opening angle β.
In Figure 1 (left panel) we show the ontat surfae (SC) given by Equation
1, for η = 0.1 that orresponds to β ≃ 44◦; the two shok fronts S1 and S2
are also shematially represented. For ertain reombination lines (e.g. UV
and visible) we expet the major emission to ome from larger distanes of
the shok apex, where the gas has ooled. In this ase, we will assume the
onial geometry in the further alulations.
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Figura 1: Left: Momentum balane surfaes of the olliding winds for both
η = 0.1 whih result in β = 44◦. The dots represent eah star, and the
arrow represents the line of sight interepting the points labeled A and B
(see Setion 2.3). Right: Shemati view of the assumed geometry.
We will assume that all the physial parameters of the shok gas are
ylindrially symmetri with respet to the one axis and that the stream
veloity is onstant along the ontat surfae. As we will see later, with
these assumptions it is not neessary to know the exat temperature and
density distributions of the shoked material to alulate the normalized line
proles.
To alulate the stream veloity projeted into the line of sight we use
the shemati geometry shown in the right panel of Figure 1. We dene
the x axis by the straight line ontaining both stars and, as a onsequene,
oinident to the one symmetry axis. Notie that this is orret if inertial
deformations due to the orbital motion of the seondary star are negleted.
We will disuss latter the main eets of this deformation in the obtained
results. The y axis, together with x, denes the orbital plane.
The stream veloity projeted over the line of sight, as shown in Figure
1, is given by:
vobs = vflow(− cos β cosϕ sin i+ sin β cosα sinϕ sin i
− sin β sinα cos i), (2)
where vflow is the stream veloity, i is the inlination of the orbital plane with
respet to the line of sight, α is the one azimuthal angle and ϕ is the orbital
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Figura 2: Syntheti line proles, obtained from Equations 2 - 4 for orbital
phases ranging from 0◦ to 180◦, assuming i = 70◦ and β = 40◦.
phase, dened here as the angle between x and the projetion of the line of
sight on the orbital plane.
Equation 2 shows that, for a given orbital phase ϕ, eah uid element
with a dierent α value will ontribute with a dierent Doppler shift.
Assuming azimuthal symmetry for the gas properties over the one sur-
fae, the line intensity distribution I(α) originated by a volume element at
azimuth α will be:
I(α) =
I
2pi
, (3)
where I is the total line intensity. The line prole distribution I(vobs) an be
obtained from the relation:
I(α)dα = I(vobs)dvobs. (4)
Substituting dvobs/dα, given by Equation 2 into Equation 4, the line
prole an be determined. In Figure 2 we show the alulated syntheti
line proles for dierent values of the orbital phase, assuming i = 70◦ and
β = 40◦.
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0.2.2 Line Broadening
The proles shown in Figure 2 are unable to reprodue the observations
beause they are disontinuous and present large dierenes between the
peak and the lower emission intensities. The introdution of some sort of
broadening ould redue the disrepany.
Luhrs (1997) notied from numerial simulations of adiabati shoks that
the emitting region is delimited by two oni surfaes with β1 < β < β2.
Using an ad hoc ux density distribution over β he obtained broadened syn-
theti line proles. Varying ∆β = β2−β1 between 37
◦
and 54
◦
, depending on
the orbital phase, he was able to t for WR79 the observed CIII 5696Å lines
at some orbital phases, but failed to reprodue others. Besides, in massive
binary systems, the shok is highly radiative beause of the high density at
the ontat surfae, resulting in thin and turbulent layers (Stevens, Blondin
& Pollok 1992). For that reason, ∆β is expeted to be lower near pari-
astron, as the density is higher, in disagreement to the hypothesis used by
Luhrs (1997). The variable ∆β model also failed to reprodue the line pro-
les of other WR binary systems (Hill, Moat, St-Louis & Bartzakos 2000,
Bartzakos, Moat & Niemela 2001).
Sine the numerial models mentioned above predit the existene of a
highly turbulent ontat surfae, in the present work we introdued turbu-
lene in the alulation of the line prole, using a onstant single value for
the β parameter. For that, we assumed that eah emitting element at a giv-
en α has a gaussian veloity distribution, with a mean value obtained from
Equation 2, and a dispersion amplitude σ. Therefore, dierent emitting ele-
ments, at dierent α values may present the same observed veloity. In this
ase, sine there is no univoal relationship between the veloity projeted
into the line of sight and α, Equation 4 is no longer valid and the line prole
must be obtained from:
I(v) = C
∫ pi
0
exp
[
−
(v − vobs)
2
2σ2
]
dα, (5)
where C is the normalization onstant. Substituting the mean value vobs,
given by Equation 2, and integrating the right hand side of the equation over
α, we obtain the relative line intensity for eah projeted veloity into the
line of sight v.
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0.2.3 Opaity Eets
Bartzakos, Moat and Niemela (2001) obtained the spetra of Br22 (WC4),
a binary system in the Magellani Clouds, at several epohs. They found
that the CIII 5969Å line ould be explained by a superposition of a onstant
feature and an emission exess that varied aross the line prole aording
to the orbital phase. In ontrast to what is expeted for binary systems
from the Luhrs model, these exesses were single peaked. Nori et al. (2002)
observed the same behavior for several other Galati WR stars.
A possible explanation for the single peaked proles ould be the enhaned
absorption of some of the emission by the dense gas layer at the ontat
surfae, when positioned in front of it. In fat, the density of the interation
zone depends on the stellar mass-loss rates and on the separation between
the stars, and ould eventually beome high enough to absorb part of the
inoming photons (Faleta-Gonçalves, Jateno-Pereira & Abraham 2005).
In Figure 1 (left pannel), we illustrate a given situation in whih the line
of sight (dashed arrow) interepts the regions of the ontat surfae labeled
A and B. As the one is interepted by the line of sight, the emission element
A, responsible for the redder"peak of the syntheti prole, ould be ob-
sured by the absorbing element B. The opaity of this element is unknown,
sine it depends both on the undetermined gas density and temperature.
However, if the ooling proess is eetive, the gas will reah high densities
as the temperature diminishes, beoming eventually optially thik for er-
tain wavelengths. This is expeted to our mainly in lose massive binary
systems.
In this work we introdued an optial depth τ into Equation 5. For a given
orbital phase, when two emitting uid elements are interepted by the line of
sight, the observed emission from the farthest element will be diminished by a
fator exp(−τ) while the emission from the nearest will remain unhanged. If
τ >> 1, we ould obtain a single peaked line prole. Atually, a more detailed
model solving the omplete radiative transfer equations would result in a
lower relative intensity for the intervening material emission. However, the
qualitative result for τ >> 1 remains the same, and for τ < 1 no important
hanges ours.
Sine the opaity of the ontat surfae depends on the separation be-
tween the stars, the interation region of lose binary systems ould be opti-
ally thik while systems with large separations ould be optially thin. That
explains why ertain systems present a single peak in their spetra during all
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the orbital period, while others present double peaked proles.
0.3 Results and Disussion
We will investigate the eets of the binary system parameters on the line
proles, using the model desribed in setion 2. Initially, we will neglet
opaity, i.e. use τ = 0, x β = 40◦ and a low turbulene amplitude σ/vflow =
0.05, varying the orbital inlination i. In Figure 3 we present the normalized
line intensity proles, in arbitrary units, for i = 90◦ (top), 70◦ (middle) and
20◦ (bottom), at dierent orbital phases from ϕ = 0◦ to 180◦. For i = 90◦, at
ϕ = 0◦, the one is pointed diretly towards the observer with all emitting gas
being observed with the same mean veloity, resulting in a strong peak with
mean veloity given by the rst term of Equation 2. The highest Doppler
shift ours when ϕ = β and ϕ = 180◦ − β, as the line of sight oinides
with the one generatrix. Also, it is notieable that the line proles present
larger variation during the orbital period for larger values of i. For fae-on
oriented systems, the observed line will not show any variation during the
orbital period.
In Figure 4 we show the eets of the one opening angle on the line
proles. Here we negleted absorption, xed i = 70◦ and σ/vflow = 0.05, and
ompared the results for β = 40◦ (top) and 70◦ (bottom) at dierent orbital
phases. The main dierene ours on the distane between the peaks. The
larger the opening angle the larger is the peak separation. It shows that, for a
given system in whih both peaks are detetable during all orbital phases, it
is possible to determine β, i.e. the relation between the stellar wind momenta.
The stream turbulene also play an important role in the emission line
proles. In Figure 5, we negleted absorption, xed i = 70◦ and β = 40◦, and
obtained the results for the turbulene amplitudes σ/vflow = 0.05 (top) and
0.20 (bottom) at dierent orbital phases. Obviously, by inreasing the ow
turbulene at the post-shok region we obtained broadened line proles, as
in Luhrs (1997). However, in this ase, it was not neessary to use a high and
unrealisti dierene between the internal and external one opening angles.
A high turbulent system may, eventually, show a plateau instead of a two
peaked prole as both peaks tend to merge. This would be an indiation of
a strongly radiative shok.
Finally, in Figure 6 we simulate a strong absorption during the syntheti
line prole omputation. For that, we xed i = 90◦, β = 40◦ and σ/vflow =
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Figura 3: Theoretial line proles onsidering σ/vflow = 0.05 and β = 40
◦
for
i = 90◦ (top), 70◦ (middle) and 20◦ (bottom), negleting absorption.
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Figura 4: Theoretial line proles onsidering i = 70◦ and σ/vflow = 0.05 for
β = 40◦ (top) and 70◦ (bottom), negleting absorption.
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Figura 5: Theoretial line proles onsidering i = 70◦ and β = 40◦ for
σ/vflow = 0.05 (top) and 0.20 (bottom), negleting absorption.
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Figura 6: Theoretial line proles onsidering σ/vflow = 0.05, β = 40
◦
and
i = 90◦ for τ = 0 (top) and τ >> 1 (bottom).
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0.05, and performed the alulations for τ = 0 (top) and τ >> 1 (bottom)
at dierent orbital phases. In this ase, the main dierene in the line prole
ours at the orbital phases β < ϕ < 180◦−β, in whih the redder part of the
prole is absorbed, resulting in a single peaked prole. For fae-on systems
(i = 0◦), the single peak feature ours during the entire orbital period.
Also, an interesting fat is that the blueshifted peak will be unabsorbed,
while the redshifted may be totally absent. Qualitatively, this result is in
full agreement with the observations of several binary systems that were not
reprodued by the Luhrs syntheti proles (Bartzakos, Moat and Niemela
2001, Nori et al. 2002).
0.3.1 The ase of Br22
Br22 (HD 35517), a massive WR+O binary system loated in the Large Mag-
ellani Cloud, presents periodi line prole variations. The CIII 5696 Å emis-
sion line is probably produed at the shok site and an provide lues on the
wind and orbital parameters. Bartzakos, Moat & Niemela (2001) applied
Luhrs model to this objet, obtaining a best t for i = 30◦, vflow = 2700 km
s
−1
and ∆β = 45◦. However, photometri, spetrometri and polarimetri
studies determined the atual orbital inlination as i ∼ 70◦; and peak posi-
tion analysis gave a diret estimate for the stream mean veloity vflow ∼ 1500
km s
−1
. Also, qualitatively, the observed peak relative intensities are in dis-
agreement to the syntheti lines. These disrepanies show that the Luhrs
proles are not able to reprodue these observations.
We applied the model desribed in this work for the Br22 system xing
i = 71◦, vflow,∼ 1500 km s
−1
and β = 47◦, as determined by the observations.
Then, we varied the turbulene amplitude and the opaity in order to obtain
the best tting to the observed proles (Figure 5 of Bartzakos, Moat &
Niemela 2001). This result, orresponding to σ/vflow = 0.25 and τ = 0.6, is
shown in Figure 7, where the light and dark lines orrespond to the syntheti
and the observed proles, respetively. As explained above, sine the two
peaks are marginally deteted from the observations, the value of τ must be
lower than unity, as determined by the best tting.
As we an see, the syntheti proles math quite well both the bulk pro-
le and the peak positions. Although onsiderably better than the Luhrs
model adjusts, the bottom spetra of Figure 7 show broader observed lines.
Atually, there is some diulties on separating the emission lines from the
ontinuum, and better ttings ould be obtained depending on the data
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Figura 7: Model appliation for Br22 assuming i = 71◦, vflow = 1500 km s
−1
and β = 47◦ (Bartzakos, Moat & Niemela 2001), and adjusting σ/vflow =
0.25 and τ = 0.6.
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Figura 8: Left: The dependene of the phase angle on the orbital phase for
eentriities e = 0.0 (solid), 0.3 (dashed) and 0.7 (dotted). Right: the phase
angle variation, obtained from Figure 7, for Br22 and the best t for ϕ0 = 35
◦
and e = 0.1.
baseline subtration. If real, these dierenes an be explained if, instead of
a perfet one, the shok surfae is urved by the stellar orbital motion. In
this senario, the emission would not be onentrated to form the two peaked
prole, but distributed over the possible radial veloities. Also, we assumed
that the ow veloity is onstant during the orbital period what is not ne-
essarily true. Higher eentri orbits would lead to dierent ow veloities,
and dierent shok turbulene, as the stars move along their orbits. These
hypothesis ould be veried using time-dependent numerial simulations.
In addition to the turbulene and opaity derived from our model, we
were able to onstrain some of the orbital parameters. To do that, for eah
orbital phase obtained from the observations, we determined the orrespond-
ing model phase angle, whih depends on the eentriity (e) and the angle
between the semi-major axis and the line of sight (ϕ0), by omparing the
shape of the line prole and the peak position. The results of our best tting
are e = 0.1 and ϕ0 = 35
◦
; in Figure 8 we show the dependene of the phase
angle on the orbital phase for three values for the eentriity (left panel)
and the best t to the observation (right panel).
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0.4 Conlusions
In this work we present a model to explain the variable line emission proles
of WR binary stars. Following Luhrs (1997), we assumed that the observed
emission lines are formed at the wind-wind interation zone by the ooling
gas owing along the ontat surfae. Besides, we introdued turbulene as
a new parameter and also studied the eets of the shok layer opaity on
the syntheti line proles.
Our model reovered the standard result of two peaked proles, and their
dependene on the orbital plane inlination and on the one opening angle.
However, the line broadening is assumed to be the onsequene of a high-
ly turbulent environment in strongly ooling shoks. In this ase, it is not
neessary to assume unreal large shok layer widths to reprodue the ob-
servations. We also showed that the opaity is responsible for the intensity
redution of the reddened peak. In this sense, a highly opaque post-shok
gas results in a line prole with a single blue-shifted peak, as ours for some
observed systems.
In partiular we applied this model to Br22 and were able to repro-
due fairly well the line proles for the dierent orbital phases using the
observed parameters i = 71◦, vflow,∼ 1500 km s
−1
and β = 47◦ and as-
suming σ/vflow = 0.25 and τ = 0.6. By omparing the observed and model
proles we were also able to determine the eentriity and the angle between
the periastron and the line of sight (e = 0.1 and ϕ0 = 35
◦
).
We did not take into aount the inertial eet of the seondary motion
on the one geometry deformation. A diret eet is the variation on the
angle between the one axis and the line of sight. However, we performed
our alulations in terms of ϕ, whih exatly orresponds to this parameter
and not stritly the orbital phase. Atually, to obtain the orbital phase it is
neessary to subtrat (or add) the angle variation (δϕ) to ϕ. The other eet
of the stellar motion is the urvature of the one generatrix. As disussed
above, in the ase of very lose binaries, this urvature ould be high enough
to atten the observed prole. We also did not take into aount the possible
phase-dependent variations of the ow veloity and shok turbulene, as
ould our in high eentri orbits. Numerial simulations are needed to
quantify these eets.
16
Aknowledgments
D.F.G thanks FAPESP (No. 04/12053-2) for nanial support. Z.A. and
V.J.P. thank FAPESP, CNPq and FINEP for support.
Referenes
Abbott, D. C., Bieging, J. H., Churhwell, E. & Torres, A. V. 1986, ApJ,
303, 239.
Abraham, Z., Faleta-Gonçalves, D., Dominii, T. et al. 2005, MNRAS, 364,
922.
Bartzakos, P., Moat, A. F. J. & Niemela, V. S. 2001, MNRAS, 324, 33.
Davidson, K., Martin, J. C., Humphreys, R. M. & Ishibashi, K. 2005, AAS,
206, 808.
Faleta-Gonçalves, D., Jateno-Pereira, V. & Abraham, Z. 2005, MNRAS,
357, 895.
Henley, D. B., Stevens, I. R. & Pittard, J. M. 2003, MNRAS, 346, 773.
Hill, G. M., Moat, A. F. J., St-Louis, N. & Bartzakos, P. 2000, MNRAS,
318, 402.
Hummer, D. G. & Storey, P. J. 1987, MNRAS, 224, 801.
Lamers, H. J. G. L. M. & Leitherer, C. 1993, ApJ, 412, 771.
Lamers, H. J. G. L. M. 2001, PASP, 113, 263.
Lèpine, S. & Moat, A. F. J. 1999, ApJ, 514, 909.
Lèpine, S., Moat, A. F. J., St. Louis, N., Marhenko, S. V. et al. 2000, AJ,
120, 3201.
Luhrs, S. 1997, PASP, 109, 504.
Luo, D., MCray, R. & Ma-Low, M. 1990, ApJ, 362, 267.
Monnier, J., Tuthill, P. & Danhi, W. 2001, A&AS, 199, 608.
Nori, L., Viotti, R. F., Polaro, V. F. & Rossi, C. 2002, RMxAA, 38, 83.
Pittard, J. M., Stevens, I. R., Cororan, M. F. & Ishibashi, K. 1998, MNRAS,
299, 5.
Seggewiss, W. 1974, A&A, 31, 211.
Stevens, I. R., Blondin, J. M. & Pollok, A. M. T. 1992, ApJ, 386, 265.
Williams, P. M., van der Huht, K. A., Pollok, A. M. T. et al. 1990, MNRAS,
243, 662.
Willis, A. J. 1991, Pro. IAU 143, Wolf-Rayet Stars: and interrelations with
other massive stars in galaxies, ed. K. A. van der Huht and B. Hidayat
17
(Dordreht, Kluwer), p265.
18
